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Spin-orbit torque (SOT) induced by the transfer of orbital angular momen-
tum from a lattice to a spin system offers an efficient route for manipulat-
ing spin-based devices. Among various potential candidates, three-dimensional
topological insulators (TIs) with inherently strong spin-orbit coupling promise
to be a powerful source of SOTs. While the huge SOTs observed in ferromagnet
(FM)/TI bilayers are generally claimed to be of topological surface states (TSS)
nature, the contributions from the surface and bulk states in realistic systems are
undistinguishable, rendering the underlying physics elusive. Here, we provide
direct evidence that the bulk spin-Hall effect dominates the SOTs generated by
disordered TIs. We show that sizable SOTs with clear bulk feature are generated
by bismuth antimonides, in which the semi-metallic bulk state intermediately
couples to the surface states. From our analysis based on a drift diffusion ap-
proach, the lower limit of spin Hall conductivity turns out to be 0.66× 105(~/2e)
Ω−1m−1, which is comparable to the reported values against the general belief
in TSS origin. Furthermore, the complementary results of SOT generation and
Gilbert damping enhancement suggest an essential role of band bending near
the FM/TI interface upon modifying the relative magnitude of the real and
imaginary parts of spin mixing conductance. Together with the bulk spin Hall
effect, our finding may alter the landscape of the field of spin-orbitronics in TI
based systems and develop new applications such as SOT transistors.
Topological insulators (TIs) are a new class of quantum matter in which the topological
surface states (TSS) are protected by time-reversal (TR) symmetry owing to the inherently
strong spin-orbit coupling (SOC) [1–4]. In this class of materials, three-dimensional (3D)
TIs have been identified to possess an energy gap in the bulk and gapless conducting surface
with their Fermi circles enclosing an odd number of Kramers degenerate Dirac points [5–7].
In addition to the fundamental interest, the high generation efficiency of spin-orbit torques
(SOTs) make 3D TIs a potential material for spintronic applications. [8, 9]. It is widely
accepted that the high SOT efficiency originates purely from the surface since the spin-
momentum locked TSS is expected to induce spin accumulation leading to a highly efficient
charge to spin conversion [10, 11].
Although the TSS may play an important role in theory, this simple picture hardly
captures some characteristics of TIs in practice. In particular, electronic bands near the
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surface can be modified by surface and bulk defect levels, which results in a band bending
in its vicinity. If the bending is downward, it gives rise to an additional non-topological two
dimensional electron gas (2DEG) near the surface [12, 13]. As density functional calculations
suggest, the orbital hybridization at the TI and ferromagnet (FM) interface destroys the
helical spin texture of the TSS. [14, 15]. It is also notable that the unavoidable self-doping
that exists in TI materials pushes the Fermi level to either the bulk conduction band or
the bulk valence band [16–18], causing the bulk to be conductive rather than insulating
as in an ideal TI. As a result, the bulk contribution to the SOT generation cannot be
completely eliminated. Specially, an intrinsic spin Hall conductivity with the bulk origin
has been calculated as large as σs ∼ 105(~/2e) Ω−1 m−1 in Bi1−xSbx alloy [19]. Because
of these complexities of TI based systems, an explicit exploitation on the interface-bulk
correspondence of the spin generation and transport is crucial for the realization of novel
spintronic applications.
Following the observation of a giant effective spin Hall conductivity, the first 3D topo-
logical insulator, namely Bi1−xSbx alloy, has received renewed interest for its potential use
in magnetoresistive random-access memory [20]. For Bi1−xSbx, the La valence band and
the Ls conduction band are inverted at the L point in the Brillouin zone when x > 0.04.
Such band inversion promises the presence of nontrivial TSS [21], which has been identified
by the angle-resolved photoemission spectroscopy experiments [22]. However, in order to
integrate this alloy into realistic devices, it requires an industry-friendly fabrication method,
e.g. magnetron sputtering, instead of molecular beam epitaxy, a method generally used for
fundamental studies [8, 23]. A recent experimental study demonstrates that a sputtered TI
film can be an efficient SOT generator with a critical magnetization switching current den-
sity of the order of 105 A/cm2 in FM/TI heterostructures at room temperature (RT), even
lower than its single crystal counterpart [24]. In fact, the polycrystalline feature of sputtered
TI films will introduce the structural disorder, which may localize the bulk electrons and
decouple the top and bottom TSS [25, 26].
In this work, we investigate the SOTs in Ni81Fe19/Bi0.1Sb0.9 heterostructures. The
Bi0.1Sb0.9 alloy is a model of TI materials [3, 21], where the bulk is semi-metallic within
the disordered regime. Conspicuously, we found that the SOTs generated by the Bi0.1Sb0.9
have strong thickness dependence, demonstrating a bulk SHE origin, which is consistent
with the bulk dominated conduction confirmed by transport measurements on Bi0.1Sb0.9
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single layer films. We found that the spin Hall conductivity of the disordered Bi0.1Sb0.9 at
RT, determined by the spin-torque ferromagnetic resonance (ST-FMR), is comparable to
the predicted values for Bi1−xSbx alloy originating from the intrinsic bulk spin Hall effect
(SHE) [19], and larger than that of several FM/TI systems, which originates from the helical
spin texture of the TSS. [23, 27]. For the Ni81Fe19/Bi0.1Sb0.9 bilayers, we also found that the
Gilbert damping, extracted from cavity FMR analysis, is weakly enhanced by attaching the
Bi0.1Sb0.9 layer and nearly independent of the Bi0.1Sb0.9 thickness. We demonstrate that the
two varying length scales observed in the cavity FMR and ST-FMR experiments are due
to the interfacial spin memory loss (SML) and bulk SHE. Through assuming a tunneling
contact due to the work function mismatch between the Bi0.1Sb0.9 and Ni81Fe19, the thick-
ness dependent SOTs can be quantitatively explained using a drift diffusion model with the
bulk SHE nature. These results demonstrate an important role of the interface for the spin
transport in FM/TI heterostructures, a phenomenon that has been neglected in spintronics.
Our finding of the bulk SHE in TIs may open a new avenue for the SOT generation, adding
novel functionalities to FM/TI based devices.
Magnetic damping enhanced by spin pumping
To investigate the spin-related effects in the Ni81Fe19/Bi0.1Sb0.9 heterostructures, we first
carry out spin pumping experiments using the cavity FMR. In general, when a FM film is
in contact with SOC materials, the magnetization precession pumps a spin current into the
adjacent SOC layer, which is known as spin pumping. This process results in the dissipation
of the angular momentum from the FM layer, leading to an enhancement of the effective
Gilbert damping parameter αG, which can be characterized by the FMR analysis [28, 29].
The Ni81Fe19/Bi0.1Sb0.9 bilayer films were grown on thermally oxidized Si substrates using
magnetron sputtering. The films fabricated by such method generally show polycrystalline
feature with granular grains, which is evidenced by X-ray diffraction measurements (Sup-
plementary), leading to the introduction of structural disorder in Bi0.1Sb0.9.
Figure 1a shows out-of-plane magnetic field angle φH dependence of the FMR peak-to-
peak linewidth µ0∆H for the Ni81Fe19(12 nm)/Bi0.1Sb0.9(t nm) bilayer film and a Ni81Fe19(12
nm) single layer film, where t is the thickness of the Bi0.1Sb0.9 layer. The linewidth µ0∆H
was extracted from the FMR spectrum measured with a microwave cavity at RT, which is
fitted by the first derivative of a Lorentzian function measured at each φH . As shown in Fig.
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1a, µ0∆H is almost unchanged by attaching the Bi0.1Sb0.9 layer at φH = 90
◦. In contrast,
at φH = 0
◦, the linewidth for the Ni81Fe19/Bi0.1Sb0.9 bilayer is notably larger than that for
the Ni81Fe19 film.
The clear difference in the FMR peak-to-peak linewidth µ0∆H between φH = 0
◦ and 90◦
is mainly caused by two-magnon scattering. It is known that apart from the enhancement
of the damping due to the absorption of a pumped spin current, the linewidth broadening
in bilayers can also be attributed to other two contributions; one is the inhomogeneous
broadening due to the spread of anisotropy fields through the local variation of the reso-
nance field [29, 30], and the other is two-magnon scattering induced by the surface/interface
roughness and defects in the film volume [31–33]. Note that the two-magnon contribution
becomes invalid when the angle of magnetization relative to the film plane is larger than 45◦,
which ensures a distinct difference in linewidth broadening between the case of φH = 0
◦ and
90◦. Taking into account all these contributions [29, 33], we fitted the angular dependence of
µ0∆H . The fitting result reveals that the two-magnon scattering significantly contributes to
the damping enhancement, whose magnitude remains relatively unchanged upon varying the
thickness of the Bi0.1Sb0.9 layer at φH = 0
◦ or 180◦, likely pointing to an interface roughness
related origin (Supplementary).
In Fig. 1b, we show αG, extracted by the fitting, as a function of the Bi0.1Sb0.9-layer
thickness t. The enhancement of the Gilbert damping relative to the damping of the reference
Ni81Fe19 film, α0, is vanishingly small, and its magnitude is nearly independent of t. To make
a direct comparison of our data with that reported in literatures, we calculated the effective
spin mixing conductance G↑↓eff using the relation: G
↑↓
eff = e
2MstFM(αG−α0)/gµB~ [34], where
Ms and tFM are the saturation magnetization and thickness of the Ni81Fe19 layer, respectively.
The determined value of G↑↓eff = (0.97±0.25)×1014 Ω−1 m−2 for the Ni81Fe19/Bi0.1Sb0.9 bilayer
is almost one order of magnitude smaller than G↑↓eff = 9.5× 1014 Ω−1 m−2 for a Ni81Fe19/Pt
interface despite the strong SOC of Bi0.1Sb0.9 [34]. Since the observed αG is thickness
independent, the bulk spin absorption cannot account for the damping enhancement in the
Ni81Fe19/Bi0.1Sb0.9 bilayer films. The damping enhancement is more related to either the
SML at the interface or the TSS.
Transport measurements
To understand whether the origin of the observed spin-related effect is associated with
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TSS, it is essential to identify the transport properties of a Bi0.1Sb0.9 single layer. Figure 2a
shows the temperature (T ) dependence of the sheet conductance σsh measured for a Bi0.1Sb0.9
(t = 20 nm) single layer film at zero magnetic field. This result shows that σsh is reduced by
∼10% upon cooling from RT, indicating an insulating behavior. A similar trend was observed
for all the examined samples with thickness (t) from 6 nm to 70 nm (Supplementary).
This may come as a surprise, since Bi0.1Sb0.9 alloy is supposed to be semimetallic, having
overlapped valence and conduction bands at different points in the Brillouin zone. Although
the insulating behavior as we observed seems unusual, the Ioffe-Regel criterion predicts that
a metal-insulator transition can occur when the electrons in the bulk become localized due
to the presence of disorder [35].
By applying a parallel circuit model that is generally used in semiconductor and TI stud-
ies for the T dependence of σsh [36, 37], we analyze the role of disorder and extract each
contribution to the total conduction. For T > 150 K, as shown in Fig. 2a, the insulating
behavior is well reproduced by the sum of two terms: a thermally activated hopping between
neighboring grains, following the Arrhenius law σ1 = t(ρ1e
Ea/kT )−1, and a nearly tempera-
ture independent metallic conductance, σshM = 1/RshM, which may either originate from the
bulk or the surface states, or both. Here, k is the Boltzmann’s constant, ρ1 is the material-
dependent constant, and Ea is the activation energy. At relatively low temperatures, the
hopping length of electrons becomes much longer than the grain size in the insulating chan-
nel and consequently the hopping between neighboring grains becomes forbidden. In this
situation, the electrostatic disorder related to the presence of amorphous phases results in a
co-tunneling process, which falls in the Efros-Shklovskii (ES) variable range hopping (VRH)
regime, i.e., σ2 ∼ (eTES/T )−1/2, where TES is a characteristic temperature depending on the
particular microscopic characteristics [38, 39]. This description can be proved by the T de-
pendence of σsh; the fitting using the parallel circuit model starts to deviate from the data
at T = 150 K (dashed red line in Fig, 2a), unless the Arrhenius term is replaced by the ES
VRH term for the insulating channel as shown in Fig. 2a. The averaged fitting parameters
obtained from the thickness series are Ea = 56±2 meV and TES = 1642±247 K at relatively
high and low temperatures, respectively. Thus, the minimum ratio of σshM/σsh fitted by the
parallel circuit model is determined to be ∼0.93 at RT, suggesting that the conduction is
dominated by the metallic channel. To understand the origin of this metallic transport, the
metallic sheet resistance RshM as well as the corresponding 3D resistivity ρM at high T for
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various thicknesses was subsequently extracted in Fig. 2b. Figure 2b shows that RshM is
proportional to 1/t, consistent with a 3D bulk conductor, only when t ≥ 30 nm. In the bulk
transport scenario, the resistivity of conventional thin films depends on the thickness due
to the electron reflection at the surface. Thus, we employed an empirical model to fit the
t-dependence of ρM, in which the increase in resistivity from surface reflection and its decay
in the bulk have been taken into account (Supplementary). The reasonable fitting to the
data shown in Fig. 2b strongly suggests that the contribution from 3D bulk dominates the
conduction
In Fig. 2c, we show the Hall resistance Rxy at 2 K for the Bi0.1Sb0.9 films with t = 20, 40,
and 60 nm. The negative slope in the H dependence of Rxy corresponds to the transport
dominated by n-type carriers. The increased magnitude of the slope for thicker films suggests
that the sheet carrier density nsh is thickness dependent, which is probably related to the
dominance of bulk conduction. Assuming that the carrier density is dominated by the bulk,
the bulk carrier density nB defined as nB = nsh/t was summarized for overall thickness series
given in Fig. 2d. It can be seen that nB is nearly constant, around 6×1020 cm−3, proving
that the film quality is independent of the thickness. According to the Ioffe-Regel criterion,
the level of disorder in an electron system can be further understood by the product between
the electron mean free path le and the Fermi wave number kF [35]. For lekF > 1, the system
remains metallic, while lekF ≪ 1 refers to a strongly localized regime. In our case, the bulk
dominated feature allows us to apply a 3D Fermi surface model, i.e., kF = (3pi
2nB)
1/3 and
le = kF~µ/e, where µ is the electron mobility, and calculate the value of lekF in the Bi0.1Sb0.9
films as 10.8± 0.7, indicating a weakly disordered system.
Bulk generated spin-orbit torques
After the identification of transport properties, now we focus on the spin-current gener-
ation from the Bi0.1Sb0.9 alloy. To quantitatively explore if the Bi0.1Sb0.9 alloy could be a
powerful SOT source and to unveil its undelying physics, we have preformed the ST-FMR
measurements on Ni81Fe19(6 nm)/Bi0.1Sb0.9(t nm) bilayer films. One example of the mea-
sured data for the device with t = 10 nm is shown in Fig. 3a, where a radio frequency
(rf) current with the frequencies f ranging from 4 to 10 GHz was applied. For the ST-
FMR measurement, an in-plane external field H was applied at an angle of 45◦ with respect
to the direction of the rf current. In principle, the injection of the rf current into the
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Ni81Fe19/Bi0.1Sb0.9 bilayer along its longitudinal direction will drive the magnetization pre-
cession through exerting torques on the Ni81Fe19 layer. The torques originate from either
the charge-spin conversion or the current-induced Oersted field. The torques due to the
charge-spin conversion, the SOTs, are generally observed in two forms: (i) a damping like
(DL) torque, TDL ∝m× (σ×m), and (ii) a field like (FL) torque, TFL ∝ m×σ. Here, m
and σ are the directions of magnetization and injected spin polarization, respectively. Note
that the torque caused by the Oersted field (HOe) has the same symmetry as the FL torque.
The oscillating nature of the torques induced by the rf current leads to an oscillating bilayer
resistance because of the anisotropic magnetoresistance (AMR) of the Ni81Fe19 layer. As
a result, the SOTs can be evaluated via a direct-current voltage Vmix that is generated by
the mixing of the rf current and the oscillating resistance [40, 41]. For a typical ST-FMR
spectra as shown in Fig. 3b, the signal Vmix can be decomposed into symmetric and anti-
symmetric Lorentzian functions [40, 41]: Vmix = VsLsym(µ0H) + VaLasym(µ0H), where the
symmetric component Vs is attributed to the out-of-plane field (H⊥), or the DL effective
field (HDL), while the antisymmetric component Va corresponds to the in-plane field (H‖),
which is the sum of the HOe and FL effective field (HFL). The extracted curves for the
Ni81Fe19(6 nm)/Bi0.1Sb0.9(10 nm) bilayer measured at f = 7 GHz show large Vs, indicating
the generation of a sizable HDL. Further characterization of the SOT generation from the
Bi0.1Sb0.9 layer requires quantifying the induced effective fields exerted on the Ni81Fe19 layer,
which have been calculated according to [41]
Vs =
IrfdR
2
H⊥
γ(HFMR +Meff)µ0HFMR
2
√
2pif∆(2HFMR +Meff)
, (1)
Va =
IrfdR
2
H‖
(HFMR +Meff)√
2∆(2HFMR +Meff)
, (2)
where Irf is the rf current in the device, and dR is the AMR amplitude of the bilayer film
(Supplementary). γ is the gyromagnetic ratio. The FMR field HFMR and linewidth ∆ were
obtained from the Lorentzian fitting of the ST-FMR spectra, while the demagnetization
field Meff was extracted from the fitting of f as a function of HFMR using Kittel formula.
Since the bulk is quite conductive at RT, as evidenced by the transport measurements, the
shunting current through the Bi0.1Sb0.9 layer jBiSb leads to the generation of HOe, which
contributes to H‖ = HFL +HOe. From the measured H‖, HOe can be subtracted by using
the Ampe`re’s law, HOe = jBiSbt/2, where jBiSb is the current density in the Bi0.1Sb0.9 layer.
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Based on the obtained HDL and HFL, we determined the SOT efficiency per unit electric
field E, defined by [42]
ξEDL(FL) =
2e
~
µ0MstFM
HDL(FL)
E
, (3)
Figure 3c shows ξEDL and ξ
E
FL of the Ni81Fe19/Bi0.1Sb0.9 bilayers as a function of t. As t
increases, the absolute values of ξEDL and ξ
E
FL increase monotonically and tend to become
saturate at large Bi0.1Sb0.9 thickness, varying over a fairly long length scale, which is in
sharp contrast to the enhancement of the intrinsic Gilbert damping in the FMRmeasurement
(Fig. 3b). This t dependent behavior is more likely consistent with a bulk effect [42, 43],
rather than a scenario of the SOTs originated from the TSS [27]. Moreover, the two different
length scales of the damping enhancement and SOT generation are quite similar to those
observed in previous FMR and inverse spin Hall effect (ISHE) measurements due to the spin
flip scattering induced by the strong SOC at the heavy metal/FM interface resulting in the
SML [44, 45].
At the FM/TI interface, the difference in the work function (Φ) between FM and TI
would result in a band bending adjacent to the interface at the TI side due to its relatively
low carrier density, which has been demonstrated to show significant consequences on the
current induced spin polarization [46]. Nevertheless, the band bending effect has been rarely
considered in the study of the SOTs in the FM/TI heterostructures. For Ni81Fe19, the work
function is known to be ΦNi81Fe19 = 4.83 eV [47]. In the case of Bi1−xSbx alloy, we interpolate
a linear composition dependence of Φ, although the negative deviation from this relationship
were also observed in some alloys corresponding to a smaller Φ in magnitude [48]. The work
function of Bi0.1Sb0.9 was then estimated to be ΦBi0.1Sb0.9 ∼ 4.53 eV, indicating a mismatch
in the Fermi levels at the interface between Ni81Fe19 and Bi0.1Sb0.9, where the chemical
potential of the former lies ∼ 0.3 eV below that of the latter. As a result, a charge transfer
from Bi0.1Sb0.9 to Ni81Fe19 appears until the Fermi levels reach equilibrium, which gives
rise to an upward band bending, accompanied by the depletion of the charge carriers in
the vicinity of Bi0.1Sb0.9 side of the FM/TI interface as shown in Fig. 3d. One remarkable
feature of such band bending is the formation of a potential barrier at the Ni81Fe19/Bi0.1Sb0.9
interface. This barrier leads to a small value of the real part of the spin mixing conductance
Re[G↑↓], as well as G↑↓eff, which is what we have observed in the FMR measurements. Because
of the small value of Re[G↑↓], G↑↓eff would be dominated by the SML at the interface, which is
independent of the Bi0.1Sb0.9 thickness. For the ST-FMR measurements, the spin chemical
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potential drop across the interface arising from the bulk SHE of the Bi0.1Sb0.9 allows the
spin current to tunnel through the barrier, and be injected into the Ni81Fe19, exerting a DL
torque on it.
Employing a scenario of the bulk SHE without the SML, we describe the t dependence
of ξEDL and ξ
E
FL using a drift diffusion approach [43]
ξEDL =
2e
~
σs[sech(t/λs)−1]
[2λsρBiSb(Re[G
↑↓] + Im[G↑↓])]2 + 2λsρBiSbRe[G
↑↓] tanh(t/λs)
[2λsρBiSbRe[G↑↓] + tanh(t/λs)]2 + (2λsρBiSbIm[G↑↓])2
, (4)
ξEFL = −
2e
~
σs[sech(t/λs)− 1]
2λsρBiSbIm[G
↑↓] tanh(t/λs)
[2λsρBiSbRe[G↑↓] + tanh(t/λs)]2 + (2λsρBiSbIm[G↑↓])2
, (5)
where Im[G↑↓] is the imaginary part of the spin mixing conductance. To fit the data shown
in Fig. 3c using equations (4) and (5), we fixed the bulk Bi0.1Sb0.9 resistivity to ρBiSb = 375
µΩcm (estimated from empirical fitting in Fig. 2b), and assumed Re[G↑↓] = 0.026× 1013
Ω−1m−2 in a tunneling regime [49]. Due to the presence of the barrier, the incident spin
polarized current should experience intense reflection at the interface with the reflected spins
briefly precessing around the magnetization of the Ni81Fe19 layer. Such process can also be
interpreted as an effective exchange field acting on the magnetization, which corresponds to
a large value of Im[G↑↓], thereby making us able to assume Im[G↑↓] = 0.108 × 1013 Ω−1m−2.
Since the existence of the SML would further reduce ξEDL from (2e/~)σs in equation (4),
the real value of Re[G↑↓] should be larger than the assumed one. As a result, the value
of Re[G↑↓] should be either in the same order or even larger, compared to that of Im[G↑↓],
which is consistent with theory for a tunneling contact [49, 50]. Using the above values
of Re[G↑↓] and Im[G↑↓], the measured t dependence of ξEDL and ξ
E
FL can be well reproduced
as shown in Fig. 3c, giving the spin diffusion length λs = 22.2 ± 1.1 nm and bulk spin
Hall conductivity σs = (4.23 ± 0.13) × 105(~/2e) Ω−1 m−1 for the Bi0.1Sb0.9 layer. Note
that the extraction of σs from the drift diffusion approach should be treated with caution,
since the model disregards any details in the FM layer and assumes only one length scale
varying in the nonmagnetic layer, which usually leads to an overestimated value [42, 43].
Although tuning the values of Re[G↑↓] and Im[G↑↓] would further change the estimation of
σs, the value of λs is hardly affected, which captures an unambiguous signature of the bulk
generated SOTs. The comparable length of λs to the Bi0.1Sb0.9 layer thickness indicates
that the t independent damping enhancement in Fig. 1b is more related to the interfacial
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SML. In other words, the spin current dissipation in the spin pumping experiments mainly
occurs at the interface. Moreover, we noticed that unlike the FL torque originating from
a 2D Rashba system, the mutually dependent torques detected in our Ni81Fe19/Bi0.1Sb0.9
bilayers show both bulk SHE nature, and their relative strength depends on the ratio of
transmission to reflection probability with respect to the interface for the spin current. This
means that besides (2e/~)σs, the right hand side of equations (4) and (5) should be smaller
than unity. Thus, from the value of ξEFL for the large t limit, we can obtain the lower
bound of σs, which is σs = 0.66 × 105(~/2e) Ω−1 m−1. We found that this value is smaller
than the maximum of the intrinsic bulk spin Hall conductivity computed for Bi0.83Sb0.17
(1 × 105(~/2e) Ω−1 m−1) [19], but still larger than the effective spin Hall conductivity
experimentally determined for Bi2Se3/CoTb (0.15×105(~/2e) Ω−1 m−1) [23] and Bi2Se3/Py
(0.43 × 105(~/2e) Ω−1 m−1) [27] systems, which claim a TSS origin. The negligible role
of the Rashba effect seems incompatible with the presence of strong SML associated with
the interfacial SOC, while the formation of a depletion layer near the interface at Bi0.1Sb0.9
would reduce the density of spin polarization and dilute its role on the SOT generation.
Characterization of topological surface states
While our t dependence of ρM and SOT data suggest a pure bulk nature, one may wonder
whether the TSS contribute to the electron transport in our disordered Bi0.1Sb0.9 films, since
the SOT generation and magnetization switching in FM/TI heterostructures are generally
attributed to a TSS related origin [8, 9, 20, 23, 24, 27]. In the quantum diffusive regime,
in which the phase coherence length Lφ ≫ le, a magnetic field perpendicular to the closed
electron path will break its time reversal symmetry and destroy the quantum interference,
manifested by the observation of magneto-conductance (MC) [51, 52]. Figure 4a shows the
conductance change ∆σsh(µ0H) = σsh(µ0H) − σsh(0) as a function of the perpendicular
magnetic field H for various thicknesses at 2 K. The observed sharp cusp with negative MC
is attributed to the weak antilocalization (WAL) effect, correlated to the destructive inter-
ference effect that suppresses the backscattering and gives rise to the enhanced conductance
at zero field due to the strong SOC. The low field MC can be quantitively described by the
simplified Hikami-Larkin-Nagaoka (HLN) formula [51].
∆σsh = α˜
e2
2pi2~
[
ln
(
Bφ
µ0H
)
− ψ
(
1
2
+
Bφ
µ0H
)]
, (6)
where ψ is the digamma function and Bφ is the coherence field related to Lφ, namely
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Bφ = ~/(4eL
2
φ). The prefactor α˜ determines the number of independent coherent channels
with α˜ = 0.5 for a single transport channel. In our samples, due to the strong SOC and high
volume carrier density (large Fermi energy), the bulk state should be in the WAL regime and
give α˜ = 0.5, just like the surface and coupled surface-bulk states. Transport from multiple
channels could be also available for TIs, such as decoupled surface and bulk, or independent
top and bottom surface states, leading to α˜ = 1. Although it is hard to distinguish the bulk
and surface contributions from only WAL measurements [53], the fitting results of α˜ ≈ 0.6
shown in Fig. 4b are more likely in accordance with the intermediate coupling between the
surface and bulk, and may be regarded as signatures of the surface contribution. Associated
with the absence of the SOT arising from the TSS in our Ni81Fe19/Bi0.1Sb0.9 bilayer films,
such observations are reminiscent of long-standing contradiction of the SOTs generation in
FM/TI systems; first-principle studies demonstrate that the hybridization of surface and
metal bands can destroy the helical spin texture of the TSS due to the difference in work
functions between FM and TIs [14, 15], while the standard expressions derived from the
Boltzmann transport equation suggest a minuscule density of spin polarization induced by
charge current [54]. Another possible reason for the deficient TSS-originated SOTs can
be ascribed to the low surface to bulk conduction ratio at RT. Besides, we found that Lφ
for all the samples is remarkably larger than their thicknesses (Fig. 4c), which proves that
our system is effectively 2D at 2 K. The enhanced Lφ with the increase of t unambiguously
verifies the conducting bulk, consistent with the results of transport measurements in Fig. 2.
This is because if the bulk is insulating, the transport should be confined at the surface and
result in a nearly constant Lφ regardless of the change in thickness [55].
Outlook
In contrast to the reported huge charge to spin conversion efficiencies that are widely
attributed to the spin-momentum locking of the TSS, we observe sizable spin Hall conduc-
tivities σs originating from the bulk SHE in the Ni81Fe19/Bi0.1Sb0.9 heterostructures with
negligible contribution from the TSS although the WAL measurements of Bi0.1Sb0.9 single
layers at low temperature suggest an intermediate coupling between the surface and bulk, a
hallmark of surface channels. Considering the inherently strong SOC, the comparable σs to
the literature data observed in our Ni81Fe19/Bi0.1Sb0.9 bilayers implies that the unavoidable
self-doping in the bulk of TIs may give rise to an efficient SOT generation from the bulk,
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allowing us to pursue the plethora of the SHE following routes such as the modulation of
structural disorder by annealing [25], and the compensation of the doping to control the
carrier transport in the bulk [56, 57]. Moreover, we found that the complementary data of
the cavity FMR and ST-FMR measurements can be well understood by a spin tunneling
contact existing at the FM/TI interface that generates a FL torque with the same order
of magnitude as a DL torque, which captures the characteristics of early reported SOTs in
FM/Bi2Se3 systems [8]. Our finding of the potential barrier formed at the interface promises
the electric field control of the relative strength between DL and FL torques, paving the way
for realizing novel functionalities in FM/TI based devices compatible with semiconductor
technologies such as gate-controlled SOT transistors.
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Methods
Device fabrication. All the films were grown on thermally oxidized Si substrates at room
temperature by radio frequency magnetron sputtering. The base pressure of the chamber
was less than 1×10−5 Pa and the Ar pressure during deposition was fixed at 0.25 Pa. The
Bi0.1Sb0.9 layers ranging from 6 to 70 nm were first deposited using a composite Bi0.1Sb0.9
target with a sputtering rate of 3.2 A˚/s. For the transport measurements, the Bi0.1Sb0.9
single layer films were patterned into Hall bars of width 250 µm and length 1050 µm using
shadow masking techniques, capped by a 6-nm-thick Al2O3 to prevent the oxidation of Sb.
In addition, the Ni81Fe19 layers with the thickness of 12 and 6 nm were respectively grown
on the Bi0.1Sb0.9 layer at a deposition rate of 0.5 A˚/s used for the FMR and ST-FMR
measurements, followed by a 6 nm-thick Al2O3 capping layer. In the case of the ST-FMR
measurements, the Ni81Fe19/Bi0.1Sb0.9 bilayer films were pattern into rectangular strips (7
µm wide and 49 µm long) by photolithography and liftoff techniques. To determine the
resistivity and AMR amplitude for the calculation of the SOTs, the bilayer films were also
patterned into Hall bars with 15 µm width and 60 µm length using the same techniques as
the rectangular strips, and fabricated at the same batch.
Measurements. The transport properties of the Bi0.1Sb0.9 single layer and AMR of the
Ni81Fe19/Bi0.1Sb0.9 bilayer films were measured using the standard six-probe method in a
physical property measurement system (PPMS). Besides the electrical characterization on
single layer films, all the other measurements were performed at room temperature. For
the AMR measurements, the samples were loaded on a rotator which can be rotated 360◦
about the film normal. The AMR amplitude of each sample was then extracted from the
angular-dependent measurements through changing the direction of applied current relative
to that of a constant 0.2 T field. In the case of the FMR measurements, the samples were
placed in a resonant cavity with the microwave frequency fixed at 9.42 GHz. The angle
between the applied magnetic field H and the film plane was defined as φH , as shown in the
inset of Fig. 3a, and the angular-dependent FMR linewidth ∆H was collected by sweeping
H through the FMR condition at each φH . The SOTs of the Ni81Fe19/Bi0.1Sb0.9 bilayer
films were characterized by the means of ST-FMR. An rf current was provided by a analog
signal generator (Keysight: MXG N5183A) and injected into the rectangular strips along its
longitudinal direction. The rectification voltage generated from the frequency mixing of the
14
rf current and the oscillating resistance due to the magnetization precession of the Ni81Fe19
layer was detected at the inductive side of the bias tee with a Keithley 2182A nanovolt-
meter. Since the resistances of the Ni81Fe19 and Bi0.1Sb0.9 layers show opposite temperature
dependence, the rf current can be hardly calibrated using the method of Joule heating. To
calibrate the rf current, the transmission and reflection coefficients were determined by a
vector network analyzer (Keysight: PNA N5222A) in the relevant frequency range (4-10
GHz).
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Figure 1. FMR measurements on Ni81Fe19/Bi0.1Sb0.9 heterostructures. a, FMR peak-
to-peak linewidth ∆H as a function of the out-of-plane angle φH of the static magnetic field H
with respect to the film plane. The representative results (blue and red circles) are measurements
on the Ni81Fe19(12 nm) and Ni81Fe19(12 nm)/Bi0.1Sb0.9(t) films with t = 60 nm at RT. The solid
lines are the theoretical calculation including the two magnon contribution, which well describes
the experimental data. The inset shows the measurement geometry. b, Thickness t dependence
of the damping constants αG obtained by fitting the φH dependence of ∆H for the Ni81Fe19(12
nm)/Bi0.1Sb0.9(t) films. The determined values of αG is nearly constant regardless of the thickness
change, indicated by the solid line. The dashed line is the value of αG for the Ni81Fe19(12 nm)
film.
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Figure 2. Transport properties of sputtered Bi0.1Sb0.9 films. a, Sheet conductance σsh
measured at zero magnetic field versus temperature T for the Bi0.1Sb0.9 film with the thickness
of 20 nm. The temperature T dependence of σsh can be reproduced by a parallel circuit model.
At high temperatures (T > 150 K), the insulating behavior obeys the Arrhenius law (red line),
whereas at relatively low temperatures (T . 150 K), the decrease of σsh with lowering T falls in
the the Efros-Shklovskii (ES) variable range hopping (VRH) regime (blue line). Dashed lines show
the deviation from the fitting because of the crossover between the neighboring grain hopping and
ES VRH mechanisms for the insulating component. b, Thickness t dependence of metallic sheet
resistance RshM and the corresponding 3D resistivity ρM for T > 150 K. Here, RshM is extracted
from the parallel circuit model fitting, and decreases as 1/t when the Bi0.1Sb0.9 film is thicker than
30 nm. The red line represents the empirical fitting of ρM in the scenario of a 3D bulk conductor.
c, The Hall resistance Rxy measured in perpendicular magnetic fields with different thicknesses at
T = 2 K. d, The volume carrier density n and dimensionless conductivity lekF as a function of the
Bi0.1Sb0.9 thickness t measured at T = 2 K
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Figure 3. ST-FMR results and characterization of SOTs on Ni81Fe19/Bi0.1Sb0.9 het-
erostructures. a, The magnetic field H dependence of the rectification voltage Vmix for the
Ni81Fe19(6 nm)/Bi0.1Sb0.9(10 nm) bilayer film at the rf current frequencies of 4-10 GHz. b, The
analysis of ST-FMR signal for the sample in (a) at 7 GHz. The turquoise and red lines present
the symmetric Lorentzian (VsLsym) and antisymmetric Lorentzian (VaLasym) components, respec-
tively. c, SOT efficiency per electric field ξEDL(FL) as a function of the Bi0.1Sb0.9-layer thickness t
for the Ni81Fe19(6 nm)/Bi0.1Sb0.9(t) bilayer films. The error bars denote the standard deviation
of measurements from multiple devices. By applying a drift diffusion approach, ξEDL (red circles)
and ξEFL (blue circles), estimated from the ST-FMR measurements, are fitted using equations (5)
and (6) (see the red and blue lines), both of which captures the bulk SHE nature. d, Energy band
digram of Bi0.1Sb0.9 adjacent to Ni81Fe19 in thermal equilibrium. Upward band bending occurs
at the Bi0.1Sb0.9 side, forming a potential barrier at the Ni81Fe19/Bi0.1Sb0.9 interface due the the
mismatch of the work function Φ between these two substances.
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Figure 4. WAL effect in Bi0.1Sb0.9 films. a, Magneto-conductance measurements in the low
field regime taken at T = 2 K, and the solid lines are their fits to the Hikami-Larkin-Nagaoka
(HLN) equation. b, c The prefactor α˜ (b) and the coherence length Lφ (c) extracted from the
HLN fitting plotted as a function of the Bi0.1Sb0.9 thickness t. Here, α˜ defines the effective number
of two-dimensional conducting channels, and the dashed line is a guide to the eye.
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